Impact assessment and adaptation planning to enable growth of paddy rice (Oryza sativa L.) under conditions of ongoing climate change are necessary in the Hokkaido region of northern Japan because of the intensive climate warming ( 2-3 in summer) projected to occur during the 21st century. Most previous studies have been based on extrapolation of results from past and present experimental data on unexperienced warming conditions under projected climatic change. These facts motivated us to use an assessment method known as an open-field day-length-extension (ODE) experiment. First, we confirmed the feasibility of an ODE experiment, which involves artificially extending day length with supplemental lighting. ODE treatment was performed in Morioka in 2009 (treatment ODE09M), where the summer temperature was 2.5 higher than the current average summer temperature in Sapporo, and the results were compared with those obtained in Sapporo, Hokkaido, in 2010 (treatment C10S), which had an extraordinarily hot summer (mean daily temperature 2.3 higher than normal). The difference in heading date between ODE09M and C10S was small, i.e., 4 days for the three cultivars Koshihikari, Hitomebore, and Akitakomachi. Second, by comparing previous temperature gradient chamber (TGC) results with those from the ODE experiment, we found that a TGC experiment system was likely to overestimate the effect of temperature on heading date by up to 7 days. Finally, we calculated paddy rice cultivation under projected climate change conditions in Sapporo in terms of three critical dates for stable rice cultivation: the early limit for transplanting, the early limit for heading, and the late limit for heading. The warmer climate condition at Morioka formed by the ODE experiment that is an analog of future climate (2.5 higher than the current average) at an northern site, Sapporo, would allow successful cultivation of Hitomebore and Akitakomachi, but not Koshihikari, in Sapporo.
Introduction
In southern areas of Japan, high summer temperature has been identified as the major problem that impairs the quality and productivity of rice (Oryza sativa L.), and this concern has recently been expanded to central Japan (e.g., Ministry of Agriculture, Forestry and Fisheries, 2007 , 2008 Morita, 2011) . The effect of increasing air temperature has so far been considered insignificant in northern Japan. Temperature increase in the 21st century, however, is predicted to have the most intensive effects in northern Japan (JMA, 2005) . Because the development and distribution of new rice cultivars takes more than decades the urgent need for the impact assessment of climate change in northern Japan motivated us to conduct experiments simulating conditions expected in Hokkaido during the 21st century.
Numerous attempts have been made to assess the impacts of climate change on paddy rice. Those assessments have been based on the agro-climatic index of quantity of ripening (Hayashi et al., 2001) , on multiple linear regression analysis (Nishimori and Yokozawa, 2001) , and on simulation model for yield (Horie et al., 1995; Yokozawa et al., 2009; Iizumi et al., 2010) . As one of the results using simulation model (SIMRIW: Horie et al., 1995) with climate change projection data, Toritani et al. (1999) indicated that Koshihikari could be cultivate in Sapporo within 30 years. These studies generally predicted yield increases in northern Japan, but they were based on past and recent experimental data for times when temperatures were lower than under the predicted future conditions, and the data were extrapolated to higher temperatures. Although model simulation is an efficient way to estimate rice cultivation under a variety of warming conditions, the accuracy of model simulation results are insufficient for conditions outside the range of those for which the model has been constructed.
On the other hand, temperature gradient chamber (TGC) experiments have been made to analyze paddy rice properties under simulated climate change conditions (e.g., Kim et al., 1996; Hamasaki et al., 2010) . The TGC is a kind of greenhouse or tunnel introduced by Mihara (1971) , which has an air inlet at one end and exhaust fans at the other end. This method has an advantage in that it simulates the presumed circumstances of climate change, i.e., both high temperature and high CO2 concentration, under seminatural field conditions. However, TGC experiments are performed in plastic chambers or in enclosures with partitions in the field and are consequently subject to "chamber effects" such as unnatural wind speed, attenuated solar radiation, and changes in thermal radiation (e.g., Hamasaki and Okada, 2000) .
Taking advantage of regional differences in crop growing conditions, inter-region experiments are often carried out to estimate the effects of temperature on crop growth. However, since Japanese land territory is elongated in the meridional direction, the relationship between day length and air temperature is almost linear (Sameshima and Iwakiri, 1987) . Therefore, it is difficult to find a warm area with the same day length as a more northern area for which the effect of future warming needs to be determined. Sameshima et al. (2011) proposed a new field experimental method, the open-field day-length-extension (ODE) experiment, which resolves the above problem and enables comparison of rice growth patterns under projected climate change conditions. The ODE method uses artificial light to compensate for reduced day length in the south so that the growth patterns of photoperiodic plants such as rice can be assessed to test adaptation methods (e.g., the use of new cultivars and cultivation schedules) under conditions extremely close to those predicted to occur under advanced climate change.
The main purpose of the present study was to confirm the feasibility of an ODE experiment, with emphasis on heading date. Heading date is one of the most important factors affecting the introduction of new rice cultivars. We estimated the effect of a rise in temperature of 2-3 on the heading of rice in Hokkaido, where summer temperature is predicted to rise 2-3 by the end of this century (JMA, 2005; Okada et al., 2009 ). An ODE experimental field was selected in Morioka, Iwate, as a reference low-latitude experimental site where the summer temperature (average of June to August) is approximately 2-3 higher than in Sapporo, Hokkaido. The 2010 summer happened to be extraordinarily hot all over Japan: Sapporo was 2.3 higher than the average; this corresponded to the 2009 average summer temperature in Morioka. We therefore estimated the effect of warming in Sapporo on rice cultivation by using the results of ODE experiments in Morioka in 2009. Then, we compared the ODE experimental results to previous TGC experiment by Hamasaki et al. (2010) to show the difference between the open-field experiment and the chamber experiment close to open-field, and to previous model simulation by Toritani et al. (1999) to examine the difference between the open-field experiment and the model application to extrapolation range of climate change projection.
Materials and Methods

Concept of the open-field day-length-extension (ODE) experiment
The procedure for the assessment of temperature increase conditions using an ODE experiment is as follows: 1) Choose a pair of two sites, A and B. Site A represents the site for which the effect of future warming is being estimated. Site B is the ODE experiment location, which should be chosen in an area of lower latitude than site A.
2) Extend day length at site B by using artificial light to simulate the day length conditions of site A. Because site B is located at a lower latitude than site A, its day length in summer is shorter than that at site A. Therefore, the same day-length condition at sites A and B can be obtained by light irradiation at site B.
Rice panicle formation in photoperiod-sensitive cultivars is prevented by light intensity in the range from 10 to 100 lx and even at 1 lx (Vergara and Chang, 1985) , which can occur during the twilight hours when solar altitude is negative. This means that the light period in a day to which a rice plant photoperiodically responds is longer than day length, the period when solar altitude is over 0°. Wakiyama et al. (2011) showed the photoperiodically effective light period starts and ends when the solar altitude is approximately -2° in dawn and dusk, respectively. We then set the ODE time for dusk from 6° to -2°. For dawn, however, we set a little longer ODE time from -4° at dawn to 6° to completely exert long-day treatment to rice. The extra ODE time (from -4° to approximately -2° at dawn) may have some effect to delay heading date. Thus, we carried out two ODE treatments at site B; one set ODE time corresponding to site A; the other set ODE time corresponding to site B. The ODE time corresponding to site A is longer than that corresponding to site B due to the latitudinal difference. The two ODE treatments had same delay effect on heading date by same extra ODE time at dawn. The effect of extra ODE time was canceled by comparing the heading dates in control treatment under natural sunlight and in the two ODE treatments.
Experimental sites
The ODE experiment was conducted in 2009 in a paddy field at the National Agricultural Research Center for Tohoku Region (NARCT) in Morioka, Iwate (39.7°N, 141.1°E; Fig. 1 ) to estimate the expected heading dates of several rice cultivars under predicted future warming conditions in Sapporo, Hokkaido. We also carried out a control experiment in a paddy field at the National Agricultural Research Center for Hokkaido Region (NARCH) in Sapporo, Hokkaido Prefecture (43.0°N, 141.4°E; Fig. 1 ) in 2008 and 2010. According to the ODE experimental procedure described above, the sites at Sapporo and Morioka were designated sites A and B, respectively.
Three rice cultivars (Koshihikari, Hitomebore, and Akitakomachi) were used for both the ODE experiment at site B (Morioka) and a control experiment under natural day length conditions at site A (Sapporo) . Kirara 397, which is the main cultivar grown in Hokkaido, was used only in control experiments with natural day lengths at both sites owing to its extremely low photoperiodicity. Rice seedlings at the 4.5-to 5.0-leaf-stage were transplanted individually (one seedling per hill) at 15 cm 30 cm spacing. The experimental conditions (soil, block size, N-P-K ratio, and transplanting date) were illustrated in Table 1 . The date when 50 of the ears emerged was regarded as the heading date. We established untreated control plots at site A in 2008 (C08S) and 2010 (C10S) and at site B in 2009 (C09M). In 2009 only, we established treatment plots at site B with ODE time from -4° at dawn to -2° at dusk at site A (ODE09M-s) and site B (ODE09M-m). There were 2 or 3 replications of each treatment at each site in each year. Heading date was averaged for at least 6 hills in each plot and cultivar. Differences in heading date ranged from 0 to 1 day within each plot. Four incandescent light bulbs (F110V90W, Panasonic corporation, Osaka, Japan) were used for ODE treatment in each block (Fig. 2) . The bulbs were placed 1 m above the rice canopy to avoid heating the plants. The height of the bulbs was adjusted as the rice grew so as to maintain the 1-m distance. Even the edge of the treatment plots received at least 100 lx, sufficient to trigger rice photoperiodic response in sensitive cultivars (Vergara and Chang, 1985) . We regulated the irradiation time by using a programmable data logger (CR1000, Campbell Sci. Inc.) and its optional relay controller (SDM-CD16AC). The plants were lighted from -4° to 6° of solar altitude in the morning and from 6° to -2° in the evening; that is, the plants did not receive artificial light from 6° in the morning to 6° in the evening because of sufficient daylight during Estimated from results of ODE09M-s, ODE09M-m, and C09M.
2)
Those results from Hamasaki et al. (2010) .
3)
From -4 degree at dawn to -2 degree at dusk. 4) Same to outside temperature.
5)
Based on average summer temperature (June, July, and August). For TGC experiment, the value was based on July and August. 6) Product of Hokusan Co.Ltd., Hokkaido, Japan. those hours. The lengths of supplemental lighting (ODE time) averaged over the season were 62 and 52 minutes for dawn and dusk, respectively.
Critical dates for stable rice production
To determine the possibility of cultivation of rice cultivars, three critical dates for stable rice production formulated previously (e.g., Yatsuyanagi, 1960a-f; Uchijima, 1983) for the Hokkaido and Tohoku regions were used, because we investigated not yield but heading date of rice to evaluate cultivation possibility in our small experiment area due to saving electric power for light bulbs. The criteria for these critical dates were defined by Oda (1992) as follows: 1) the date of the early limit for transplanting (referred to as EL-TP) for middle-aged seedlings to take root, defined as the earliest transplanting day to ensure a 12.0 average temperature for the following 5 days; 2) the date of the early limit for heading (EL-H) that will avoid sterility caused by cold injury, defined as the first day to ensure a 20.5 average temperature for 30 days, beginning 24 days before heading; 3) the date of the late limit for heading (LL-H) that will avoid growth retardation caused by cold injury, defined as the last day to ensure an 18.8 average temperature for 40 days after heading. The period from EL-H to LL-H was referred to as the "heading period for averting cold injury" (Oda, 1992) . Although a critical temperature of 18.8 for LL-H is applicable to cultivars adapted to the Hokkaido region (Murakami and Oda, 1988) , temperatures of 20 and 22 were substituted for cultivars adapted to the Tohoku region and the Kanto region, respectively (Uchijima, 1983) . The dates of LL-H for Tohoku region and for Kanto region were referred to as LL-Ht and LL-Hk, respectively.
Meteorological data
Air temperature was observed in the meteorological observation fields at NARCH in Sapporo and at NARCT in Morioka, and additional data from around the Hokkaido and Tohoku regions were obtained from the Japan Meteorological Agency (JMA). The meteorological record at NARCH, which goes back more than 40 years, was regarded as representative of the surrounding agricultural area (Sameshima et al., 2007) ; the air temperature there was 1-2 lower than that at the JMA station located in central Sapporo, approximately 10 km distant from NARCH. We treated the air temperature data at NARCH and NARCT as that at Sapporo and Morioka, respectively.
Results
Climate conditions during the experiments
The difference in summer air temperature (June, July, and August) between Sapporo and Morioka was 2.7 from 2008 to 2010 (Table 2) 
Estimates of rice heading date in the ODE experiment
The experimental results for Koshihikari are illustrated in Fig. 3a . In 2009, heading date under natural day length was 20 August at Morioka (i; C09M). Heading date was delayed to 2 September by the addition of ODE treatment corresponding to the day length in Morioka (ii; ODE09M-m). The difference between (i) and (ii) ( ) was 13 days, which was ascribed to the ODE time being slightly longer than the average light-sensitivity day length for rice. Heading date was delayed to 10 September by the addition of ODE treatment corresponding to the day length in Sapporo (iii; ODE09M-s). The difference between (ii) and (iii) ( ) was 8 days, representing the effect of the longer day length at Sapporo than at Morioka. The heading dates of (ii) and (iii) both included ; therefore, the heading date of (iii) minus , 28 August, was assumed to be the heading date in Sapporo in a summer 2.5°C warmer than average (iv; ODE09M). The heading dates of control plants in Sapporo in an extremely hot year (2010) and in a normal year (2008) were 1 September (v; C10S) and 15 September (vi; C08S), respectively. Although the difference in heading date between (v) and (vi) was 14 days, it was only 4 days between (iv) and (v). By using the above procedure, the heading dates of Hitomebore and Akitakomachi under climate change conditions at Sapporo were estimated to be 17 August (Fig. 3b (iv) ) and 9 August (Fig. 3c (iv) ), respectively. The difference in heading date of the three cultivars between the ODE experiment in 2009 in Morioka (referred to as ODE09M) and the control experiment in 2010 in Sapporo (referred to as C10S) was only 4 days (Table 1) .
Discussion
Feasibility of ODE experiment
Heading occurred 4 days earlier in ODE09M than in C10S for Koshihikari and 1 day earlier for Akitakomachi, probably because the summer air temperature in 2009 at Morioka was slightly higher than that in 2010 in Sapporo. On the other hand, the heading date of Hitomebore in ODE09M was 2 days later than in C10S. In the case of Kirara 397, a cultivar with low photoperiodism (Fujino, 2003) , the heading date in the control experiment in 2009 in Morioka (CO9M) was just 1 day later than that in C10S, despite the difference in summer temperature. The difference in heading date between the results from the ODE conditions designed to be an analog of Morioka (ODE09M-m) and those designed to be an analog of Sapporo (ODE09M-s) (indicated as in Fig. 3 ) was considered to reflect the extent of photoperiodism of each cultivar: was 8 days, 3 days, and 1 day for Koshihikari, Hitomebore, and Akitakomachi, respectively, and the order agreed with the order of relative earliness normally attributed to the photoperiodicity of the cultivars. The effect of the extra ODE time (indicated as in Fig. 3 ), corresponding greater than or equal to , was thought to be reduced by change start of ODE time from -4º to -2º at dawn.
The agreement between the results from the ODE experiment and the results in the extraordinarily hot year of 2010 confirmed the feasibility of the experimental system proposed by Sameshima et al. (2011) .
Comparison to TGC experiment
Site A was also used for TGC experiments in 2008 in Sapporo at NARCH. Table 1 also indicates the data on heading dates from a TGC experiment (Hamasaki et al., 2010) . The heading date of Koshihikari and Akitakomachi in low-temperature plots in TGC (TGC-TL), which was controlled to be approximately the same as the outside temperature, was 2 days later than that in our uncontrolled, open paddy field (C08S; Table 1) (Fig. 4a) . However, the heading dates of Hitomebore and Kirara 397 in the TGC-TL plot were 7 days earlier than those in C08S (Fig. 4a) , leading us to conclude that TGC experiments are likely to overestimate the effect of temperature on heading date. Although the difference in air temperature between treatments in the ODE experiment (2.5 : between C08S and ODE09M) was higher than that in the TGC experiment (1.8 : between TGC-TL plot and high-temperature (TGC-TH) plot; Hamasaki et al., 2010) , the delay in heading due to warming estimated by the ODE experiment and the TGC experiment was equivalent for Koshihikari (18 days for both ODE and TGC), Hitomebore (15 days for ODE and 13 days for TGC), and Akitakomachi (10 and 11 days, respectively) (Fig. 4b) . The decrease in effective day length in TGC resulting from attenuation of solar radiation and/or growing conditions in small pots is likely to cause a difference in heading date between open-field and TGC experiments. ODE experiments do not have the limitations associated with the "chamber effects" seen in TGC experiments and are superior in that the growth patterns of rice better reproduce the patterns expected under conditions of climate change.
Possibility of cultivation under 2.5 -warmer conditions in Sapporo
The possibility of cultivation of four cultivars, i.e., Koshihikari, Hitomebore, Akitakomachi, and Kirara Table 2 ), indicated that Kirara 397 was, as expected, the only cultivar that headed during the "heading period for averting cold injury" (Fig. 5) . Kirara 397 is a cultivar developed for Hokkaido and has characteristics different from those of the cultivars developed for the Tohoku region (Akitakomachi and Hitomebore) and for much warmer regions in the south (Koshihikari). LL-Ht and LL-Hk were not determined in Sapporo under the current normal conditions. Under warmer conditions, with the summer temperature 2.5 higher in Sapporo, EL-H and LL-H were estimated to be 13 July and 28 August, respectively (Fig. 5) . The "heading period for averting cold injury" expanded by 46 days from the current average temperature condition represented by C08S. LL-Ht and LL-Hk were calculated as 21 and 8 August, respectively, under these conditions. The heading dates of all four cultivars tested in ODE09M were included within the period from EL-H to LL-H, corresponding to the "heading period for averting cold injury" of the Hokkaido region. The heading dates of Akitakomachi and Hitomebore, currently grown in the Tohoku region, were also included within the period from EL-H to LL-Ht (Fig.  5 ), but the heading date of Koshihikari, which was developed in an area much warmer than Tohoku, occurred after both LL-Hk and LL-Ht. Therefore, advanced climate change conditions with 2.5 higher temperatures should permit cultivation of Hitomebore and Akitakomachi, but not Koshihikari. These results from ODE09M were supported by our experiments in Sapporo in 2010 (C10S) under a temperature 2.3 higher than the current average.
For Koshihikari under the 2.5 higher temperatures, the date of EL-TP was 5 May and 21 days earlier than the transplanting date of ODE09M (26 May), and the date of LL-Hk was 8 August and 20 days earlier than the heading date of ODE09M (28 August). Therefore, if advancing days of transplanting corresponds that of heading date, Koshihikari at the day of EL-TP under the 2.5 higher temperatures might reach to ripe fully. However, the 21 days early transplanting to our experiment does not accelerate the same 21 days for heading because of the photoperiodism of Koshihikari. At least, our field experimental results indicated that to cultivate Koshihikari at Sapporo was difficult with lower temperature than the current normal plus 2.5 .
The results based on field experiments were clearly different from the estimates obtained by using the rice development model． Toritani et al. (1999) showed that Koshihikari could be cultivate in Sapporo within 30 years with 1.0 higher temperature than the average based on the term from 1953 to 1982. The 1.0 is corresponded to approximately 0.5 to the current normal based on the term from 1981 to 2010, because annual Japanese temperature increased 0.47 from the term of 1953-1982 to the term of 1981-2010 (http://www.data. kishou.go.jp/climate/cpdinfo/temp/list/an_jpn.html).
The development and introduction of new cultivars with growth properties similar to those of Hitomebore and Akitakomachi should be considered as one way of adapting rice cultivation to the levels of climate change predicted for the Hokkaido region by the end of the 21st century.
Concluding Remarks
We carried out an ODE experiment, as proposed by Sameshima et al. (2011) , in Morioka in 2009 to assess the possibility of rice cultivation under climate change conditions in Sapporo, and we confirmed the feasibility of this experimental approach by using data from 2010, an extraordinarily hot summer in Sapporo. Under conditions of advanced climate change, i.e., temperatures 2.5 higher than the current average temperatures, the main cultivars in the Tohoku region (Hitomebore and Akitakomachi) could be cultivated in Sapporo, but Koshihikari, which is currently adapted to more southern regions, could not.
With the ODE experimental system, we can acquire data under conditions simulating climate change; this can be done by artificially altering photoperiod without the use of supplemental heating, which can produce unnatural thermal condition. Accumulating data with the ODE experimental system is essential for identifying cultivars to be introduced and cultivation schedule shifts to be made in response to advanced warming conditions. Such information obtained by comparisons within ODE experiments is expected to be more useful than previous experiments, and will be a valuable source of data for model simulation experiments for climate change.
In conclusion, our ODE experimental results, which were obtained without enrichment of CO2 concentration, estimated the effects of current estimates of climate change. A combination of an ODE experiment and a free-air CO2 enrichment (FACE) experiment (e.g., Okada et al., 2001) would be ideal as an open-field experimental method to obtain more accurate data on rice cultivation under anticipated climate change conditions.
